Abstract--In a lateritic pallid zone ilmenite crystals alter via pseudorutile to porous leucoxene grains composed of randomly oriented aggregates of ~0.06/~m anatase crystals. This style of alteration differs from that in beach sands where parallel oriented futile crystals develop from pseudorutile. Increased Si and A1 in the altered grains is due to the crystallization from soil solution of halloysite, kaolinite and gibbsite within pores rather than to the incorporation of these elements into anatase crystals. Manganese was a significant constituent (3.2% Mn203) of the original ilmenite but was not retained by the leucoxene grains. The minor constituents Ni, Zn, Cu, Mg, Co and Ca were also lost, but Cr and V were retained.
INTRODUCTION
The weathering of ilmenite is not well understood and deserves further investigation. It has been reported to alter to various products including anatase, ruffle, a noncrystalline iron titanate (Bailey et al., 1956) ; arizonite (Palmer, 1909; Karkhanavala, 1959) ; hydroilmenite (Hinter, 1959) ; proarizonite (Bykov, 1964) , and pseudorutile (Teufer and Temple, 1966; Grey and Reid, 1975) . The relationship of the weathering environment and the nature of the alteration products of ilmenite is also not known. The alteration of ilmenite in beach sand ore bodies has been extensively studied due to its economic importance, but relatively little attention (Hartman, 1959; Van Houten, 1968) has been given to the stability of this mineral in other soil environments. Hartman (1959) considered that the alteration mechanism of ilmenite during bauxitization is different from that in weathered beach sands and that three distinct types of alteration occurred in bauxites: (1) direct alteration to leucoxene; (2) direct alteration to optically identifiable anatase; (3) alteration to "patchy" ilmenite.
The weathering of ilmenite in soils is of considerable interest to geologists because this mineral is a major primary source of the Ti in soils. Furthermore, the form of Ti in soils is to some extent determined by the alteration processes occurring within the confines of a single ilmenite grain rather than in the general soil matrix. Ilmenite commonly contains significant substitutions ofMn, Mg, V, Cr (Deer et al., 1962) , so that its mode of alteration will also affect the concentration and form of these elements in some soils. These considerations suggest that there is clearly a need for a better understanding of weathering ofilmenite in soils. This paper deals with mineralogical and chemical aspects of ilmenite weathering in the pallid zone of a laterite developed from dolerite in southwestern Australia.
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MATERIALS AND METHODS
Samples from a laterite pallid zone developed from metamorphosed quartz dolerite were collected from a railway cutting at Jarrahdale, 45 km southeast of Perth, Western Australia. Detailed profile descriptions of the deeply weathered lateritic soil profile at this site were given by Sadleir and Gilkes (1976) . The profile contains a distinct sequence of horizons, i.e., parent material (deeper than 10 m and not exposed), mottled, red-white pallid-zone clay (depth interval, 6-10 m), irregular, brown, nodular concretions (4-6 m), loose, brown, nodular hard cap (2-4 m), and pisolitic hard cap (0-2 m). Altered ilmenite grains were separated from the bulk samples which had been disaggregated by gentle shaking in 0.1 M NaOH solution. Partially and highly altered (leucoxene) grains remained intact and were next separated from other mineral grains in a Frantz isodynamic magnetic separator.
X-ray powder diffraction (XRD) patterns of bulk samples of altered grains separated from the pallid zone were obtained with a Philips diffractometer with Fefiltered CoKa radiation. For the measurement of the unit-cell parameters a CaF2 internal standard was added, and the powdered sample was scanned at a rate of 0.25*20/rain. Single-grain X-ray diffraction patterns were made using a Gandolfi single crystal camera (Gandolfi, 1967) . Semiquantitative analysis of the minerals in the pallid-zone clay was made by thermogravimetric analysis (TGA). Simultaneous TGA and differential thermogravimetric (DTGA) curves for 10-mg samples were obtained in flowing air at a heating rate of 10~ min using a Perkin Elmer TG 52 instrument. Dehydration maxima at 60, 280, and 500~ produced by halloysite(10/k), gibbsite, and halloysite(7Ik) + kaolinite, respectively, were used to estimate the concentration of these minerals.
Polished sections of bulk pallid-zone clay samples and ilmenite concentrates were made for petrographic TEMPERATURE *C Figure 1 . Thermogravimetric curves for pallid-zone clay. DTGA = differential thermal gravimetric analysis; TGA = thermogravimetric analysis; HH = hydrated halloysite; H = haUoysite; H = halloysite(7/~); K = kaolinite; G = gibbsite. Dehydration maxima at 60, 280, and 500"C correspond to hydrated halloysite, gibbsite, and halloysite(7/~) + kaolinite, respectively. The values 0.9%, 11%, and 7.6% are water losses due to hydrated halloysite, gibbsite, and halloysite(7A) + kaolinite, respectively, and account for the total 19.5% water loss.
and electron microprobe examination. Separated grains were mounted on aluminum stubs and coated with a 150-/k layer of platinum in a vacuum evaporator and investigated by scanning electron microscopy (SEM) using a Philips PSEM 500 instrument. Selected grains were crushed and dispersed for transmission electron microscopy (TEM) and selected area electron diffraction (SAD) using a Hitachi H U 11B instrument. Pallidzone samples and subsamples of highly altered grains were analyzed for major and trace elements by X-ray fluorescence spectrometry after fusion in a lithium borate-lithium carbonate flux (low dilution fusion) following the method of Lee and McConchie (1982) . Subsamples of partially altered grains were dissolved in a mixture of H C 1 0 4 and H F acids and analyzed for Ti, Fe, Mn, Ca, A1, Si, Cr, Ni, Zn, V, Cu, Mg, and Co using a Perkin Elmer atomic absorption spectrophotometer. Ferrous iron was determined under a nitrogen atmosphere by dichromate titration (Vogel, 1961) . Chemical analyses of different phases within grains viz. ilmenite, pseudorutile, and anatase were obtained from polished sections using an ARL-SEMQ electron microprobe.
RESULTS A N D DISCUSSION
XRD patterns of bulk samples showed that halloysite, kaolinite, gibbsite, quartz, ilmenite, and anatase were present in the pallid-zone clay. T G A of bulk pallid-zone samples showed the presence of about 6% halloysite(10~), 46% halloysite(TA) and/or kaolinite, and 32% gibbsite (Figure 1) . T G A of replicate samples hgure 2. Transmission electron mlcrograph oI the clay (< 2 ~m) fraction of pallid-zone clay showing tubular halloysite crystals (1); platy crystals of kaolinite or gibbsite (2), and aggregates of very small (~0.02 #m) anatase crystals (3).
and standard mixtures showed a lower limit of detection of 2% and a reproducibility of 2% for these minerals. The chemical composition of the bulk pallidzone clay is shown in Table 1 and corresponds well with the mineralogy determined by X R D and TGA. The distribution of Ti between the various materials was estimated on the basis of chemical analyses of these materials and microscopic measurements of their abundance. Of the 4.5% TiO2 content of the pallid zone about 35% is in residual ilmenite, 60% is in anatase in leucoxene grains, and 5% is in microcrystalline anatase which is dispersed through clay and which has been derived from weathering of amphibole and other primary minerals. Electron micrographs of the clay fraction (< 2 ~m) of the pallid-zone clay show tubular halloysite crystals with an average length of 0.69 _ 0.41 ~m and diameter of 0.11 _ 0.04 tzm, platy kaolinite and/or gibbsite crystals with average major axis length of 0.16 _ 0.08 ~tm and minor axis length of 0.14 _+ 0.06 ~tm, and aggregates of very small (~0.02 #m) anatase crystals (Figure 2 ). These identifications were supported by electron diffraction measurements which are described below.
XRD patterns of partially altered ilmenite grains show the presence of ilmenitc, pscudorutile, and anatase ( Figure 3A ). Highly altered grains contained mainly anatase, traces of ilmenite and/or pseudorutile, and minor amounts of halloysite(7A) and/or kaolinite and gibbsite ( Figure 3B ). X-ray diffraction patterns of nonrotated, partially altered grains taken with the Gandolfi camera showed sharp reflections of ilmenite/pseudorutile and an anatase powder pattern with no arcing of reflections, indicating that the anatase crystals were randomly oriented within the grain (Figure 4) . Thus, the crystal structure of the parent ilmenite grains does not appear to control the orientation of the product Figure 3. X-ray powder diffraction patterns of bulk samples of partially altered (A) and highly altered ilmenite (B). I = ilmenite; PR = pseudorutile; A = anatase; H/K = halloysite(7/~) and/or kaolinite; G = gibbsite.
anatase. These results are in contrast to those of Teufer and Temple (1966) and Grey and Reid (1975) who found that microcrystalline futile in altered ilmenite grains developed as oriented aggregates by epitaxial growth upon the close-packed anion layers ofilmenite. According to Grey and Reid (1975) , rutile in altered ilmenite grains is present in a triply twinned arrangement and likely resulted from dissolution followed by epitaxial growth of TiO2. In marked contrast to the findings of these workers, we found anatase and not futile to be the alteration product of the ilmenite and the overall orientation of anatase microcrystals within the altered grain to be random. The chemical compositions of bulk samples of partially altered ilmenite and completely altered grains are shown in Table 2 . Bulk samples of unweathered ilmenite grains from rock were not analyzed because unweathered doierite containing unaltered ilmenite was not exposed at this locality. Therefore, the ilmenite analysis in Table 2 is an average of electron microprobe analyses of unaltered parts of grains which were separated from the pallid-zone clay. The bulk sample of partially altered ilmenite consisted of a mixture of ilmenite, pseudorutile, anatase, and minor amounts of other minerals, whereas the highly altered bulk sample consisted mostly of anatase with minor amounts of ilmenite, pseudorutile and amounts of other minerals. The increase in TiO2 in the partially altered ilmenite is accompanied by a decrease in iron to an amount that is consistent with the development ofpseudorutile as a major first alteration product. During the subsequent stage of alteration, most iron was lost from completely altered grains due to dissolution ofpseudorutile, Table 2 . Chemical analyses of ilmenite, partially altered ilmenite, and completely altered ilmenite (leucoxene).
Partially
C o m p l e t e l y a l t e r e d a l t e r e d W t . % l l m e n i t e t i l m e n i t e 2 i l m e n i t e 2 Average of electron microprobe analyses of fresh ilmenite regions in partially altered grains.
2 Chemical analyses of bulk samples of grains. crystallization of anatase, and removal of iron by soil solution. The accumulation of AI and Si and the retention of some Fe in completely altered grains were probably due to the presence of impurities in the bulk samples; the probable forms of these elements are discussed below. The analyses o f bulk samples of partially and highly altered grains indicate that Cr and V increased whereas Mn, Ni, Zn, Cu, Mg, Co, and Ca decreased during the alteration. The loss of Mn, Cu, Zn, Ni, Co, Ca, and Mg from highly altered grains was probably due to their incompatibility in the crystal structure of anatase; these ions differ from Ti in ionic radius and valency. Reflected-light photomicrographs of polished sections show that partly altered ilmenite grains consist of a core or bands of a dark grey phase with anatase showing bright yellow internal reflection having developed within and around grains ( Figure 5A ). The dark grey phase is pseudorutile (Temple, 1966; Ramdohr, 1980) . At the intermediate stage of alteration anatase is commonly distributed in bands contained within parallel sheets of original ilmenite/pseudorutile ( Figure 5B ). Residual ilmenite/pseudorutile is common as small isolated remnants surrounded by anatase ( Figure 5C ). In the final stages of alteration ilmenite is completely replaced by anatase ( Figure 5D ).
Scanning electron micrographs of fresh and slightly altered grains show massive, irregular surfaces ( Figure  6A ). Energy dispersive X-ray spectra from such surfaces ( Figure 6B) show the presence ofTi, Fe, and Mn and confirm that the surface material is ilmenite or pseudorutile. Titanomagnetite was not observed in these specimens. Partially altered grains show smooth ilmenite or pseudorutile surfaces covered with finegrained anatase ( Figure 6C ). Highly altered grains have very porous surfaces consisting of aggregates (~ 2 #m) of anhedral particles of anatase and platy to hexagonal crystals of gibbsite and/or kaolinite (1-5 ~m) ( Figure Figure 6 . Scanning electron micrographs and energy dispersive X-ray (EDX) spectra of fresh, partially altered, and highly altered itmenite grains. 6D). Halloysite (~0.7 ttm) apparently crystallized within the porous framework of the altered grain ( Figure 6F ). EDX spectra ( Figure 6E) show the presence of considerable Ti at the surfaces of highly altered grains and lesser amounts of Fe, AI, and Si which are due to the presence of anatase, clay minerals (halloysite, kaolinite), and gibbsite. The presence of these clay minerals and gibbsite within the porous surface is consistent with the mineralogy of the associated pallid-zone clay which is mostly halloysite, kaolinite, and gibbsite.
The retention of the original ilmenite grain shape by its alteration products indicates that isovolumetric weathering has occurred (Millot, 1970) . Chemical reactions which describe the alteration of ilmenite to ruffle (Grey and Reid, 1975) can be written as:
During the alteration of ilmenite to anatase in the pallid zone most of the Fe was lost to soil solution, whereas in weathered beach sands abundant hematite occurs in leucoxene grains (Grey and Reid, 1975) . In the present study no Fe oxides were identified in the leucoxene grains. Thus, alteration of ilmenite in the pallid zone differs from the above model in that anatase is the major product and hematite does not remain within the altered grain.
The porosity of completely altered grains can be calculated from the above equations and the densitites of the minerals. Isovolumetric alteration would produce only 0.65 ml of anatase in 1 ml previously occupied by ilmenite, i.e., the porosity is 35%. This highly porous structure is evident in SEM and microprobe back-scattered electron photographs of altered grains ( Figure 6D ) with pores ranging from ~ 100 ~tm down to the limits of resolution of the techniques (~ 0.1 #m). These results are consistent with the observations of Lynd (1960) and Temple (1966) who found that altered ilmenites are granular in character and show an increase in porosity with decreasing content of iron.
The identification from SEM photographs and EDX data of the minerals on natural surfaces and fractures of altered grains are tentative because it is based solely on morphology and chemistry. Transmission electron microscopy and electron diffraction were employed to identify alteration products in materials separated from grain surfaces and interiors. Electron micrographs of dispersed, partially altered ilmenite grains show them to consist mostly ofanhedral (~0.75 #m) ilmenite and aggregates of ~0.05-urn size particles of anhedral anatase ( Figure 7A ). In highly altered grains these very small, roughly cylindrical to lath-shaped anatase particles are the major constituents ( Figure 7B ). They have (Hartman, 1959) , 0.2 #m in size in silcrcte (Milnes and Hutton, 1974) , and 0.2 ~m in size in soils (Campbell, 1973) . An exception to the generally microcrystalline nature of anatase in soils are the 0.1 m m crystals reported in weathered clays in sandstone (Loughnan and Golding, 1957) .
Pseudorutile invariably occurs as anhedrat fragments ( Figure 8A ) and was identified from SAD patterns by its characteristic diffuse reflections (e.g., at 2.78 /k, Figure 8B ) that may be assigned to the large, hexagonal, average unit cell described by Grey and Reid (1975) . Most reflections are sharp (e.g., at 2.49/k) and can be assigned to the usual rutile unit cell, but inasmuch as discrete futile was not present, these reflec- tions must result from pseudorutile (Brown, 1980) . Pseudorutile grains give a single crystal pattern and generally also give a spotty ring pattern (e.g., the 3.52 ~. ring in Figure 8B ), indicating that several very small anatase particles are present and that anatase did not develop in an oriented epitaxial manner from pseudorutile. This assemblage contrasts with the microcrystalline ruffle reported in some altered ilmenites (Teufer and Temple, 1966; Grey and Reid, 1975 ) which exhibit strong preferred orientation due to epitaxial growth upon the close-packed oxygen sheets of pseudorutile. The anatase structure contains no such welldefined, close-packed oxygen layer (Vegard, 1916) , so the potential for epitaxial growth may be absent. Although epitaxial growth on pseudorutile was not observed, anatase crystals were commonly elongated along the c-axis in almost perfectly oriented parallel aggregates ( Figures 8C, 8E) . The SAD patterns o f these ag- gregates consist of hhl reflections indicating that the crystals were resting on (110) faces.
The anatase structure (density ~3.4 g/cm 3) is much less compact than that ofrutile (~4.4 g/era 3) and may be better able to accommodate structural distortions due to foreign ions being incorporated into the crystals from soil solution. The crystallization ofanatase rather than rutile may for this reason be a consequence of the presence of the various ions in solution in the pallidzone weathering environment. In this zone most primary minerals alter and release ions to soil solution.
The crystallization of rutile in some beach sands may be due to relatively lower concentrations of ions in soil solution due to the scarcity of easily weathered minerals in these deposits. HaUoysite crystals within highly altered ilmenite grains are distinctly tubular in shape but have a somewhat irregular outline (average length = 0.4 _+ 0.1 ~zm; width = 0.1 + 0.004 #m). These crystals are generally slightly shorter than the halloysite in the pallid-zone matrix which has an average length of 0.7 _.+ 0.4 um and a width of 0.1 ___ 0.04 ~tm. This difference may be a consequence of the restricted space for crystal growth within pores in the altered ilmenite grain. SAD patterns show that halloysite crystals are mostly elongated along their b-axis ( Figure 9A , 9B) as in the matrix. Honjo et al. (1954) also found that most halloysite crystals in Hong Kong kaolin are elongated along their b-axis.
Some kaolinite occurs as large (>2 #m) anhedral grains within the anatase matrix ( Figure 9C ). The electron diffraction pattern of kaolinite consists of a hk0 net of reflections with an 060 spacing of 1.49/~ ( Figure  9C ). Gibbsite usually occurs as anhedral grains (~0.4 #m) that give typical, slightly arced hk0 reflections (Figures 9E, 9F ) with a 330 spacing of 1.46 A.
An examination of weathered ilmenite grains from Western Australian beach sands showed that halloysite, kaolinite, and gibbsite occur within grains in an identical manner to the grains from the pallid zone described above. This is a significant result inasmuch as existing methods of beneficiating the ore are based on the assumption that AI and Si impurities are substituted in rutile or anatase. Because most of the A1 and Si has been shown to be present as discrete c l a y minerals and gibbsite, these elements may be removed by caustic leaching procedures that do not dissolve the titanium oxides. (1) with isolated remnants of ilmenite and pseudorutile (2). The pores within the porous framework of anatase are filled by a mixture of 56% gibbsite and 44% kaolinite and/or halloysite (3). BSE = Back scattered electron images.
Chemical composition of individual altered grains
The patchy development of pseudorutile along linear directions in partly altered ilmenite is clearly seen in electron microprobe back-scattered electron images ( Figure 10A ). In partly altered grains anatase is common in zones aligned parallel with bands of the original ilmenite/pseudorutile ( Figure 10B ) so that ilmenite/ pseudorutile remnants are surrounded by porous anatase. In highly altered (leucoxene) grains, ilmenite has been completely replaced by a porous arrangement of microcrystalline anatase ( Figure 10C) . A similar porous fabric was described by Ramdohr (1980) in altered ilmenite from Sweden. Average concentrations of Fe, Ti, Si, A1, and Mn in various regions of partly altered grains are given in Table 3 . These data show an increase in titanium and a loss of iron with increasing alteration of ilmenite grains of average formula (Fe2+0.93Ti4+o.99 Mn3+0.o603) to anatase (TiO2) through pseudorutile (Fe3+l.99Ti4+2.92Mn3+0.1209 ~-M5.o3 09). Structural formulae of ilmenite and pseudorutile were calculated on the basis of 3 and 9 oxygen atoms, respectively, and on the assumption that all of the Fe in ilmenite is present as Fe 2 § and in pseudorutile as Fe 3 § Grey and Reid (1975) published a structural formula for a South Australian pseudorutile, (Fe 3+l.81Fe2+o.o7Mn3+o.o3 Ti4+3.o809 ~ M4.990 9 (excluding H20)), and an Indonesian pseudorutile, (Fe3+1.34 Fe2+0.26 Mn3 § Ti4+3,25 0 9 ~ Ms.o00 9 (excluding H~O)). The structural formula obtained in the present study is close to the former.
Some Mn was apparently lost during the alteration ofilmenite to pseudorutile, and the rest was lost during the subsequent alteration to anatase. The presence of Mn in ilmenite and pseudorutile and its absence in anatase is seen in the electron probe element distribution maps of partly altered grains ( Figure 11D ), confirming the interpretation of analyses of bulk materials described above. Evidently, Mn substitutes for Fe in ilmenite and pseudorutile but not for Ti in anatase. A1 appears to be absent in ilmenite and pseudorutile but present in patches of clay within the porous anatase matrix ( Figure 11E ). Si and A1 are only minor constituents of ilmenite but are abundant in bulk samples of completely altered grains (Table 2) . These results agree with those of Frost et al. (1983) for partly altered ilmenite grains in mineral sand deposits where Si and A1 increased with decreasing Fe within altered regions of grains having average compositions between rutile and pseudorutile. These authors considered that during the latter stages ofilmenite alteration, where rutile crystallizes from solution, both alumina and silica are extracted from the ambient environment and are coprecipitated with, or adsorbed on, ruffle. In the lateritic pallid zone studied in the present investigation, the altered grain simply acted as a continuation of the porous soil matrix and was pervaded by soil solution from which the clay of the pallid zone crystallized. The pores within the anatase grains are commonly filled with clay minerals and gibbsite ( Figure 11F ). Microprobe analysis of clay-filled regions within anatase grains (such as region 3 in Figure 11 F) gave average values of 200/0 SiO2 and 54% A1203. These values are consistent with a mixture of gibbsite (56%) and halloysite and/or kaolinite (44%) and are similar to the composition of the clay fraction of the matrix (i.e., ~40% gibbsite, 60% halloysite and/or kaolinite). Grey and Reid (1975 ) reported that the alteration of ilmenite is a 2-stage process. First, all of the iron oxidizes, and some diffuses from the ilmenite leaving pseudorutile in which closely packed oxygen layers remain intact. This stage of the alteration is represented by the following reaction: 3Fe2+2TiO 3 ~ Fe3+2Ti309 + Fe 3+.
Mechanism of ilmenite weathering in lateritic pallid zone
In the second stage of alteration pseudorutile dissolves, iron is removed by solution, and TiO2 precipitates rapidly. The second stage involves a disruption of the oxygen packing as both iron and oxygen are removed and is represented by the following reaction:
Fe3+2Ti309 -~ 3TIO2 + Fe203.
They considered that epitaxial growth of TiO2 crystals (rutile in their example) occurs on a pseudorutile substrate so that the primary ilmenite grain is replaced by a highly oriented array of rutile microcrystals.
The results of the present study differ from Grey and Reid's (1975) findings in three major respects which reflect the different weathering environments in beach sand deposits compared with a lateritic pallid zone. First, anatase and not rutile was the final alteration product. Second, anatase crystals did not crystallize in parallel alignment throughout the former ilmenite grain; they were found in parallel orientation, but these aggregates were of limited extent only. Third, the high porosity of the anatase grain appears to have enabled halloysite, kaolinite, and gibbsite to crystallize from soil solution within pores.
